Bacillus sphaericus cannot metabolize sugar since it lacks several of the enzymes necessary for glycolysis. Our results confirmed the presence of a glucokinase-encoding gene, glcK, and a phosphofructokinase-encoding gene, pfk, on the bacterial chromosome and expression of glucokinase during vegetative growth of B. sphaericus strains. However, no phosphoglucose isomerase gene (pgi) or phosphoglucose isomerase enzyme activity was detected in these strains. Furthermore, one glcK open reading frame was cloned from B. sphaericus strain C3-41 and then expressed in Escherichia coli. Biochemical analysis revealed that this gene encoded a protein with a molecular mass of 33 kDa and that the purified recombinant glucokinase had K m values of 0.52 and 0.31 mM for ATP and glucose, respectively. It has been proved that this ATP-dependent glucokinase can also phosphorylate fructose and mannose, and sequence alignment of the glcK gene indicated that it belongs to the ROK protein family. It is postulated that the absence of the phosphoglucose isomerase-encoding gene pgi in B. sphaericus might be one of the reasons for the inability of this bacterium to metabolize carbohydrates. Our findings provide additional data that further elucidate the specific metabolic pathway and could be used for genetic improvement of B. sphaericus.
Bacillus sphaericus is an aerobic, mesophilic, spore-forming bacterium with terminal swollen sporangia and spherical spores. As a consequence of the specific toxicity to mosquito larvae of binary toxin (Bin) and mosquitocidal toxins (Mtxs) produced during the sporulation and vegetative stages, respectively, some toxic strains have been widely used for many years as biopesticides in the field in mosquito control programs.
B. sphaericus can metabolize a wide variety of organic compounds and amino acids, but it is unable to use hexoses and pentoses as unique carbon sources (20) . The specific metabolic limitation of B. sphaericus hampers its potential industrial development due to the high costs of the proteinaceous media used for toxin production compared to the costs of alternative media based on starch or molasses. Consequently, studies elucidating the whole metabolic potential of B. sphaericus are essential for genetic improvement of this bacterium.
Previous research indicated that the inability of B. sphaericus to metabolize carbohydrates could be attributed to its inability to transport glucose or sucrose into the cell (24) and the absence of key enzyme activities in the Embden-Meyerhof-Parnas (EMP) (glucokinase, glucose-6-phosphate isomerase, 6-phosphofructokinase), hexose monophosphate pathway (phosphogluconate dehydratase), and Entner-Doudoroff (6-phospho-2-keto-3-deoxyglyconate aldolase) pathways (20) . Recent studies revealed that B. sphaericus strain 2362 has a glucose transport system (2) and that it also has 6-phosphofructokinase activity; thus, it could use Nacetylglucosamine as a sole carbon source (3) . However, there are no data available about the presence of gene and enzyme activities of glucose kinase (ATP:␣-D-glucose-6-phosphotransferases; EC 2.7.1.2), an enzyme catalyzing the ATP-dependent conversion of glucose to glucose 6-phosphate, in the EMP pathway of B. sphaericus.
The glucokinase of Bacillus belongs to the ROK family (repressor, open reading frame, and kinase) (11) . Albano et al. demonstrated that the ROK protein was a repressor of a family of genes that encode membrane-localized and secreted proteins, including a number of genes that encode products with antibiotic activity (1) . Aside from the kinase activity, glucokinase of Bacillus spp. has some regulatory functions for host cell growth and development.
B. sphaericus C3-41, belonging to flagellum serotype H5a5b like strains 2362 and 1593, is a highly active strain that was isolated from a mosquito-breeding site in China in 1987. This strain has various levels of toxicity against Culex sp., Anopheles sp., and Aedes sp. and has significantly higher activity against Culex spp. than commercialized strain 2362 (29); thus, it has been developed as a commercial larvicide (JianBao) and has been used for mosquito larva control in China during the last decade (27) .
Considering the lack of information about the sugar metabolism behavior of B. sphaericus, it is important to investigate the genes involved in glycolysis or metabolism of sugar. In this paper, the glucokinase-encoding gene glcK, the phosphofructokinase-encoding gene pfk, and the phosphoglucose isomerase-encoding gene pgi were detected in wild-type B. sphaericus strains. Additionally, glucokinase and phosphofructokinase activities were also detected in these strains. Furthermore, the glcK gene was cloned from B. sphaericus strain C3-41, and the purified expressed glucokinase was characterized. To our knowledge, this is the first report on the characterization of GlcK from B. sphaericus. The results should help to elucidate the metabolic mechanisms of the organism, as well as provide a foundation for optimization of the genetic makeup of B. sphaericus for commercial applications. . Detection of glcK, pfk, and pgi genes in B. sphaericus strains. Based on the genomic sequence and the primary gene annotation results for B. sphaericus strain C3-41, two pairs of PCR primers, primers glck-1 (5Ј-GG GGA TCC ATG AGT CAT ATT TTA-3Ј) and glck-2 (5Ј-GG AAG CTT CAT TGC TGC ACC ATA-3Ј) and primers pfk-1 (5Ј-CG GGA TCC ATG AAA AAA ATT GCT-3Ј) and pfk-2 (5Ј-CG AAG CTT TTA TAT TGA TAG TTC-3Ј) (containing BamHI/ HindIII restriction sites [underlined]), were designed and synthesized for glcKand pfk-specific fragment detection. The presence of the pgi gene in B. sphaericus strains was detected by PCR by using primer pgi-1 (5Ј-GG GCA TGC ATG AGT ACA CAT GTA AG-3Ј) and primer pgi-2 (5Ј-CC AAG CTT TTA TTT TAA ACG CTC T-3Ј), which was designed based on the sequence of the pgi gene from Bacillus cereus E33L (GenBank accession no. YP_086203) and Bacillus subtilis subsp. subtilis 168 (GenBank accession no. NP 391013). The presence of the three genes in 14 B. sphaericus strains was detected by PCR with total bacterial genomic DNA as the template (5) .
MATERIALS AND METHODS

Bacterial
Glucokinase, phosphoglucose isomerase, and phosphofructokinase activity assay. B. sphaericus strains were incubated in MBS and/or NYSM broth at 30°C with agitation (200 rpm) for 48 h. Cells in different growth stages were collected every 4 h and then lysed by sonication at 4°C in buffer (20 mM Tris-HCl [pH 7.5], 1 mM dithiothreitol, 0.1 mM phenylmethylsulfonyl fluoride) and centrifuged at 4°C and 12,000 rpm for 15 min, and the supernatant was then drawn out and used as the crude enzyme preparation. B. subtilis subsp. subtilis 168 was used as the positive control.
Specific glucokinase activities of the crude enzyme samples of Bacillus spp. and the purified GlcK obtained from the recombinant strain were determined by a coupled enzyme assay using the protocol of Sigma (19, 22) . Each sample was added to assay buffer (75 mM Tris-HCl [pH 9.0], 600 mM MgCl 2 , 120 mM ATP, 360 mM glucose, 27 mM NADP, 1 U glucose-6-phosphate dehydrogenase), and the mixture was left for 5 min at 30°C. The optical density at 340 nm was determined for each sample by using a Synergy HT multidetection microplate reader (BIO-TEK). One unit of glucokinase activity was defined as the activity phosphorylating 1.0 mol of D-glucose to D-glucose 6-phosphate per min at pH 9.0 at 30°C. Measurements were duplicated for each sample, and tests were repeated on at least three different days.
The phosphoglucose isomerase activities and phosphofructokinase activities of the crude enzyme preparations of Bacillus spp. were assayed separately using the methods described by Mathur et al. (15) and Alice et al. (3), respectively.
Cloning procedures and sequencing analysis. Plasmids were isolated from E. coli by a standard alkaline lysis procedure. Cloning experiments and restriction enzyme analysis were carried out as described previously (21) . Total genomic DNA was prepared from B. sphaericus C3-41 by the method of Bourgouin et al. (5) .
The glcK gene was amplified by PCR from B. sphaericus strain C3-41 chromosomal DNA by using PCR primers glck-1 and glck-2. The PCR mixture (total volume, 50 l) comprised 0.5 g chromosomal DNA, 100 pmol of each primer, and 1.25 U Pfu polymerase (Fermentas). The following PCR procedure was used: 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min and then a final extension at 72°C for 7 min. A ϳ896-bp PCR fragment was cloned into the vector pUC18 in E. coli DH5␣, giving recombinant plasmid pUC-glck. The amplified PCR fragment was digested by BamHI and HindIII and then introduced into BamHI-and HindIII-digested plasmid pET28a (Novagen), a His tag expression vector, resulting in recombinant plasmid pETglck.
The cloned glcK gene was sequenced, the nucleotide and amino acid sequence homologies of glucokinases from B. sphaericus and other 13 bacteria were analyzed by using BLASTT and CLUSTALW, and the evolutionary distances and relationships were calculated by the neighbor-joining method.
Expression and purification of GlcK protein. The recombinant plasmids pUCglck and pET-glck were transformed into glk-deficient E. coli mutant strain ZSC13 and E. coli BL21, referred to below as recombinant E. coli strains E-pUC-glck and E-pET-glck, respectively. Overnight cultures of recombinant strains E-pUC-glck and E-pET-glck were transferred into 20 ml fresh LB medium containing kanamycin (30 g ml Ϫ1 ), and then the cultures were incubated for 3 h at 37°C with shaking (200 rpm) and 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) was added to induce the expression of GlcK. After 4 h of incubation at 30°C with shaking, each culture was collected and used for sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) analysis (14) , and the GlcK activity was assayed by the method described above (8, 22) .
For large-scale expression and purification of GlcK in E-pET-glck, the overnight culture of this strain was transferred into 500 ml of fresh LB medium and cultured under the conditions described above. Cells were harvested by centrifugation (10,000 ϫ g, 4°C) and stored at Ϫ20°C. Recombinant GlcK was purified by using a His-Bind Resin chromatography kit following the manufacturer's procedure (Novagen). Cells were lysed by sonication at 4°C, and the cell debris was removed by centrifugation (14,000 ϫ g, 20 min, 4°C). The supernatant was filtered with a 0.45-m membrane, and the collected elutant was added to an equilibrated Ni-nitrilotriacetic acid resin column (Novagen) and left to stand at room temperature for elution. Properties and kinetic parameters of glucokinase. The pH-dependent purified glucokinase activities were measured by using a continuous assay in Tris-HCl buffer at pH values ranging from 3.0 to 9.0 (pH 3 to 4, 4 to 5.5, 5.5 to 6.5, 6.5 to 7.5, 7.5 to 8.5, and 8 to 9) at 30°C. The effect of temperature on glucokinase activity was determined by using 25, 30, 35, 37, 40, 42, 45, 48, and 50°C. The activities of the purified protein were assayed as described above (12) .
To determine whether GlcK is a hexokinase or a specific glucokinase, several hexoses were tested to determine the phosphorylating activity of the protein.
Purified GlcK (5.0 l, 0.4 mg/ml) was mixed separately with 50 mM glucose, fructose, and mannose in buffer containing 50 mM Tris-HCl (pH 7.65), 10 mM MgCl 2 , and 50 mM ATP. Each mixture was incubated at 30°C for 20 min (22) , and then the resulting products were analyzed by silica-coated thin-layer chromatography by developing the plates with butanol-ethanol-water (5:3:2, vol/vol/ vol), and the sample spots were visualized by dipping the plates in a mixture of aniline-diphenylamine-phosphate, followed by drying for 10 min at 85°C (16) . A parallel mixture without ATP was used to investigate whether the GlcK from B. sphaericus C3-41 was ATP dependent.
Nucleotide sequence accession number. The nucleotide sequence of the cloned glcK gene has been deposited in the EMBL, GenBank, and DDBJ nucleotide sequence databases under accession number EF065663.
RESULTS
glcK, pfk, and pgi gene detection and the corresponding enzyme activities in B. sphaericus. Using primers glck-1 and glck-2 and primers pfk-1 and pfk-2, ϳ880-bp and ϳ960-bp DNA fragments, respectively, were amplified from all B. sphaericus strains tested by PCR (Fig. 1A and B) , indicating that the glcK and pfk genes were both present in wild-type B. sphaericus strains. No specific DNA fragment was amplified by PCR by using primers pgi-1 and pgi-2.
A further glucokinase activity assay revealed that all B. sphaericus strains tested expressed glucokinase protein in the vegetative growth stage, with activities varying from 120 to 1.73 ϫ 10 3 nmol/min/mg cell extract (Table 1) . However, the glucokinase activities of different strains were about 10-fold lower on NYSM medium than on MBS medium ( Table 1 ). The phosphofructokinase activities produced by B. sphaericus strains in MBS medium were comparable to the results of Alice et al. (3) (data not shown). As expected, no phosphoglucose isomerase activity was detected in any B. sphaericus strain.
In B. sphaericus C3-41, glucokinase was continuously expressed during the all growth stages, and the peak value for GlcK activity occurred in the stationary growth phase before spores formed (Fig. 2) ; this value was 670 nmol/min/mg cell extract, corresponding to 1.85 mmol NADP reduced per min per mg cell extract.
Cloning and sequencing of B. sphaericus C3-41 glcK gene. Sequence analysis of the ϳ880-bp amplified fragment showed that the fragment sequence was composed of 876 bp encoding 292 amino acids with a predicted molecular mass of 32.6 kDa. This protein had 30% identity to the ROK family (regulators, open reading frames, and kinases), and a DVGGT motif (an ATP binding site) was found in its N terminus (Fig. 3A) . Additionally, in the C terminus, an ␣-helix-turn-␣-helix DNA binding motif was found. An alignment of glucokinase sequences from different bacteria and an associated phylogenetic tree were constructed by using CLUSTALW and the neighborjoining method (Fig. 3B) .
Expression and purification of glucokinase. The glcK gene was first transferred to glucokinase-deficient E. coli strain ZSC13 and recombinant strain E-pUC-glck. The latter strain exhibited a GlcK activity of 126 Ϯ 28 nmol/min/mg cell extract, while GlcK-deficient strain ZSC13 had an activity of 3.01 Ϯ 0.32 nmol/min/mg cell extract, suggesting that the expression of GlcK in E-pUC-glck could complement the GlcK activity of GlcK-deficient strain ZSC13.
Overproduction of the glucokinase was achieved in E. coli BL21 after IPTG induction in LB medium for at least 4 h. This enzyme produced a major band at about 33 kDa on an SDS-PAGE gel. The glucokinase was purified with an Ni-nitrilotriacetic acid resin column (Fig. 4) , and the protein concentration was determined by the method of Bradford to be 0.4 mg/ml (stored buffer containing 50% glycerol). A 500-ml culture yielded about 1.29 mg of pure protein.
Kinetic parameters of glucokinase. GlcK had K m values of 0.52 and 0.31 mM for ATP and glucose, respectively. The activities of the purified glucokinase with different hexoses were diverse: 1.95 Ϯ 0.93 mol/min/mg GlcK for glucose, 0.786 Ϯ 0.183 mol/min/mg GlcK for fructose, and 0.941 Ϯ 0.213 mol/ min/mg GlcK for mannose. The optimal pH was pH 8.5, and the optimum reaction temperature was 30°C.
In a coupled enzyme assay and thin-layer chromatography assay, no significant glucokinase activity was detected without ATP (Fig. 5A) . We concluded that the glucokinase from B. sphaericus is an ATP-dependent hexokinase (Fig. 5B) .
DISCUSSION
Previous reports revealed that the lack of several enzymes in B. sphaericus, including glucokinase, phosphoglucose isomerase, and phosphofructokinase in the glycolysis pathway, resulted in this bacterium being unable to catabolize glucose (20) . In this study, we confirmed the presence of the glcK and pfk genes in all wild-type B. sphaericus strains and that all strains could exhibit high levels of glucokinase and phosphofructokinase activities during vegetative growth. However, no correlation was noticed between the enzyme activity and the toxicity of the bacterium for target mosquito larvae. Even if the B. sphaericus strains tested could produce GlcK activity in both MBS and NYSM media, the GlcK activity was 10-fold lower in low-salt NYSM medium than in high-salt MBS medium (Table  1) . This difference might be caused by the different responses of bacterial cells to osmotic stress. No pgi gene fragment and no phosphoglucose isomerase activity were detected in these strains. Furthermore, a glcK gene from B. sphaericus C3-41 was cloned and sequenced, and the glucokinase activity of the expressed protein was verified. Our primary genomic sequence analysis of B. sphaericus C3-41 showed that a glcK-specific DNA fragment and a pfk-specific DNA fragment were present on the bacterial chromosome and that no specific sequence with a high level of similarity with pgi genes from other Bacillus spp. was found (data not shown). It is postulated that the absence of a pgi phosphoglucose isomerase-encoding gene in B. sphaericus might be one of the reasons for the inability of this bacterium to metabolize carbohydrates. Sequence analysis revealed that the glcK gene from B. sphaericus C3-41 contained a conserved ATP binding motif (in the case of kinases) at the N terminus and a conserved helix-turn-helix DNA binding motif (in the case of repressors) at the C terminus, which were similar to the motifs of other bacteria (6) . Comparison with glcK genes from other Bacillus spp. indicated that the glcK gene might be a conserved gene in the B. sphaericus genome and belongs to the B group of the HK (hexokinase) family (11) . Additionally, its high levels of homology to other glucokinases and the specificity of the glcK-encoded enzyme allowed us to characterize this enzyme as a hexokinase. B. sphaericus is an archaic organism, and its spores have even been found in a sample of amber determined to be 25 to 40 million years old (7) . Interestingly, this bacterium has a unique approach to energy production in comparison with known family members. For some identified genes (such as the bin and mtx genes) the levels of similarity among different serotypes and isolates are extremely high (27, 28) . However, our phylogenetic tree analysis indicated that the glucokinase from B. sphaericus is distantly related to other glucokinases from Bacillus spp. and had a higher level of similarity with E. coli glucokinase (11) . This suggests that mutation or deletion of some genes related to the EMP pathway resulted in the inability to utilize glucose in B. sphaericus, while other EMP pathway-related genes were maintained. Thus, the sequence and distribution of genes in B. sphaericus perhaps could provide additional insight regarding this archaic bacterium. In our previous research, it was found that this mesophilic Bacillus had a kind of thermostable DNA polymerase I which had sequence similarity to the enzymes of thermophilic bacteria (4) . Recent studies suggested that Bacillus pasteurii, Bacillus psychrophilus, and Bacillus globiporus, which are neighbors in the 16S rRNA phylogenetic tree, should be classified in the genus Sporosarcina (25) , since the biological behavior and growth behavior are similar for all these species and are different from those of other bacilli (18) . So far, only a few studies on the metabolism of these strains have been described. Thus, a clearer understanding of the metabolism of B. sphaericus will be important for further unraveling the metabolism and evolution of these bacteria.
The expressed purified GlcK has substrate ambiguity, phosphorylating not only glucose but also fructose and mannose. This ambiguity may continue to play a role in the functional diversification of proteins and metabolic pathways. Some researchers proved that the ambiguous activities of some enzymes could provide selective advantages to the host cells under conditions of extreme selective pressure and provide a fertile substrate for the natural evolution of a protein with new catalytic activities (9, 17) . However, the role of the glcK gene in the evolution of B. sphaericus still needs to be investigated.
In B. sphaericus, glucose enters the cell in two forms; one form is glucose phosphorylated through the phosphoenolpyruvate-dependent phosphotransferase system before it enters the cell, and the other is driven by ATP hydrolysis (ABC transporters) or by ion gradients (H ϩ or Na ϩ symporters) and then phosphorylated by the glucokinase (2, 13). In some bacteria, such as E. coli, glucose kinase seems to be important for metabolic pathways because it phosphorylates only intracellular glucose, e.g., from disaccharide hydrolysis (10, 23) . Despite the nonessential role of glucokinase, the enzymatic capacity of this enzyme is sufficient to support growth under conditions in which glucose enters the cell without phosphorylation. When B. sphaericus was cultured on different media, it showed high glucokinase activities on the high-salt MBS medium and low activities on the low-salt NYSM medium (Table 1 ). This may be the reason that Russell et al. did not detect GlcK activity in NYSM medium (20) . We presume that expression of glucokinase was the observed behavior when the cell had a response to high osmotic stress. Our present data provided no evidence for any regulatory function or other functional roles of GlcK in B. sphaericus. This protein might phosphorylate some free glucose inside the cell or regulate cell activity to some extent. However, further studies are required to evaluate this possibility.
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